To investigate the effect of a liquid crystalline structure on cell behavior, polymethylsiloxane-graft-(10-cholesteryloxydecanol) was specially designed to get a thermotropic liquid crystalline polymer. Results of Fourier transform infrared (FT-IR) spectroscopy, proton nuclear magnetic resonance ( 1 H-NMR) spectroscopy and gel permeation chromatography (GPC) indicated that cholesterol was successfully covalently grafted onto polymethylhydrosiloxane via decamethylene 'flexible spacer'. Differential scanning calorimetry (DSC) and polarized optical microscopy (POM) investigations revealed that the copolymer with 44.9% mesogenic unit showed obvious thermotropic liquid crystalline transition at about 124.9
Introduction
Most current researches in implant design, tissue engineering and drug delivery point to the need for strategies to guide cell behavior through specific interaction with material. Many efforts have involved surface immobilizing lipid [1, 2] , glycosyl [3, 4] and peptide [5, 6] to mimic the specific recognition between cells.
Singer and Nicolson [7] described the essential features of the biological membrane via a fluid mosaic model of lipid bilayer membranes. It is a two-dimensional fluid, or liquid crystal, in which the hydrophobic integral components such as lipids and membrane proteins are constrained within the plane of the membrane, but are free to diffuse laterally. The fluid-like nature of biological membranes formed from lipids and proteins is a necessary property for biological membranes to perform their many functions. However, most recently synthetic analogues (such as self-assembled monolayers covalently attached to solids) lack this critical property. The study of biomacromolecule adsorption and cell behavior in a biomimetic liquid crystal surface is essential to novel biomimetic biomaterial design.
Abbott et al [8, 9] recently reported a novel experimental system that permits the study of the specific binding of proteins to receptors hosted at fluid-like biomimetic interfaces via thermotropic liquid crystals system. Zhou et al [10, 11] developed the polymer/liquid crystal composite membrane and found the liquid crystal component appeared to be beneficial in improving the blood compatibility and reducing the thrombogenicity. However, little research has studied the effect of the liquid crystal structure to promote cells attachment and growth systemically.
To get an insight of this question, polymethylhydrosiloxane-graft-(10-cholesteryloxydecanol) was specially prepared. Cholesterol was selected because of the wellknown mesogenic nature of cholesterol and its derivatives, that is, their ability to self-assemble into liquid crystalline substances. Furthermore, cholesterol has high thermodynamic affinity for the cell membrane and ability to change the membrane's permeability and fluidity. Two liquid crystal films and two respective no liquid crystal controls have been then developed via thermal treatment. In vitro MC3T3 osteoblast-like cell culture onto those films was investigated to assess the possibility of promoting cell attachment and cell growth via the liquid crystal structure.
Experiment

Materials
Tosyl chloride bought from Huadong Medicine Company was recrystallized from ligarine. Cholesterol was purchased from Huadong Medicine Company and used without any purification. Decanediol and polymethylhydrosiloxane were purchased from Aldrich Company and used as received. Other reagents were purified by conventional methods. 10-Cholesteryloxydecanol was synthesized according to [12] .
Synthesis and characterization of copolymers
10-Cholesteryloxydecanol and polymethylhydrosiloxane (table 1) were dissolved in toluene (30 ml), a catalytic amount (2 ml) of hydrogenhexachloroplatinate (IV) hydrate/THF solution (the molar ratio of Pt/THF was 1/10
3 ) was added to the above solution under nitrogen and the reaction temperature was 50
• C (see figure 1) . After 72 h, excessive methanol was added into the reaction system and the reaction continued for another 6 h to terminate the active silicon-hydrogen bond. On completion, the reaction was concentrated using a rotary evaporation followed by pouring the solution into large amount of ethanol to precipitate the polymers. The products were washed with ethanol thoroughly and then dried under vacuum. The products were stored at 4
• C in a desiccator for later use.
Fourier transform infrared (FT-IR) spectroscopy and proton nuclear magnetic resonance ( 1 H-NMR) spectroscopy were performed to verify the synthesis and purification of copolymers. FT-IR spectra were recorded on an E.S.P., MAGNA-IR560, Nicolet Instrument.
1 H-NMR of the copolymers in solution was run on a 500 MHz Bruker instrument. The copolymers were analyzed in CDCl 3 . The molecular weight of copolymer was determined by GPC (Baseline 810 Method, with refraction index detector of R401 DET, n1-no, Waters) using THF as an eluent with polystyrene standard. Differential scanning calorimetry (DSC, Perkin-Elmer DSC7) and polarized optical microscopy (POM, OLYMPUS BX51) were used to characterize the mesogenic properties of the polymers.
Preparation of films
Slide glass were machined into round coverslips (φ = 12 mm) and cleaned with a 1:1 (V/V) solution of 2.0 M sulfuric acid and 30% hydrogen peroxide at 80
• C for 30 min. After rinsing with deionized water, clean substrates were obtained.
The copolymers were dissolved in toluene to form a 5 mg ml −1 solution. The process of spin coating was performed on a spin coater at the speed of 3000 rpm for 30 s. After drying under vacuum, the samples were annealed under vacuum at 140
• C for 9 h and then quenched to room temperature rapidly. Polarized optical microscopy was used to observe the liquid crystalline characteristic of these films.
Cell behavior [13]
MC3T3 osteoblast-like cell line derived from newborn mouse calvarium was maintained in α-minimum essential medium (α-MEM) containing 10% heat inactivated fetal calf serum (Sijiqin Biotech. Co., China), 80 U ml −1 penicillin and 100 U ml −1 streptomycin. Cells of passage 34-39 were used. Media were changed every 3 days.
Cell attachment.
The films sterilized in 75% ethanol were placed into 24-well TCPS plates. MC3T3 were then seeded in culture media at a cell density of 1.5 × 10 5 cells per well and incubated for 20 h at 37
• C in an atmosphere of 5% CO 2 in air (Forma Scientific Co.). Following incubation, the wells were washed twice with PBS to remove nonattached cells. The remaining cells were removed by digestion with 0.25% trypsin solution. The number of cells attached to the polymer surfaces was determined by hemocytometric counting [14, 15] . The mean value of five replicates was used as the final result for each sample. Cell attachment was expressed as a proportion of the number of cells attached to TCPS in the same culture media.
Cell growth.
For cell growth studies, the sample preparation and cell density were the same as for the attachment assay. The wells were washed twice with PBS and digested with 0.25% trypsin solution after 72 h. The mean value of five replicates was used as the final result for each sample. The number of cells grown on the polymer films was determined by hemocytometric counting.
Cell activity.
Cell activity was determined by MTT assay [16] [17] [18] , which is based on the mitochondrial conversion of the tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl tetrazolium bromide (MTT). Briefly, after the MC3T3 were incubated on different membranes for 72 h, 200 μl MTT solution (5 mg ml −1 in PBS) was added to each sample and incubated at 37
• C for 4 h for MTT formazan formation. After the medium and MTT were replaced by DMSO, the samples were incubated at 37
• C for additional 5 min to dissolve the MTT formazan. Then the plates were mildly shaken for 10 min to ensure the dissolution of formazan.
The absorbency values were measured by using a microplate reader (BIO-RAD, model 550) at a wavelength of 490 nm, blanked with the DMSO solution. Five replicates were read for each sample, the mean value of which was used as the final result. Cell activity was expressed as a proportion of the absorbency value of TCPS in the same culture media.
Cell morphology observation.
Fluorescein diacetate (FDA, Sigma) was dissolved in acetone to get 5 mg ml −1 stock solution. The working solution was freshly prepared by adding a 5.0 μl of FDA stock solution to 5.0 ml PBS. After 20 μl FDA working solution was added into each well and incubated for 5 min, the films were then washed twice with PBS and placed on a glass slide for confocal laser scanning microscopy (CLSM, BIO-RAD2000) examination. 
Result and discussion
Synthesis and structure characterization of copolymers
Cholesterol was attached onto polymethylhydrosiloxane through the reaction between hydroxyl of 10-cholesteryloxydecanol and silicon-hydrogen bond (figure 1 and table 1). Previous research [19] indicated the soft alkyl spacer between cholesterol and polymer backbone could provide the flexibility to enhance cholesterol selforder into liquid crystalline substances. The copolymers were specially designed to covalently graft cholesterol onto polymethylhydrosiloxane via decamethylene 'flexible spacer'. The FT-IR spectrum of the copolymers showed absorption of 1267 cm −1 , which was designed for Si-CH 3 stretching in the main chain. The absorption at 2840 cm −1 was the contribution of aliphatic C-H stretching from the side chain. The disappearances of absorption at 3451 cm −1 from O-H stretching and absorption at 2140 cm −1 from Si-H stretching indicated the success and completion of the reaction.
1 H-NMR spectra of SC45, as a representative the copolymers, are shown in figure 2 . The peak at 0.14 was attributed to -CH 3 of the main chain. The peak at 0.68 was the contribution from -C (CH 3 )-of the cholesterol. The peak at 5.34 came from the -C (CH 2 -)=CH-of the cholesterol. The peak at 3.63-3.79 came from -Si-O-CH 2 -and -Si-O-CH 3 . Other peaks, 0.86-2.40, 3.12 and 3.43-3.46, were the contributions from H of the attached monomer. From the integral intensities at δ = 0.14 and 0.68, we can calculate molar percent of the attached monomer in the copolymers. The results are shown in table 1.
From the relationship between retention time and molecular weights derived for narrowly distributed standard polystyrene, the average molecular weight (Mw) and the molecular weight distribution (MWD) of the polymers can be figured out from the GPC spectrum. The results are shown in table 1. The results of FT-IR, 1 H-NMR and GPC indicated that the copolymers were successfully synthesized and purified. And the molar percents of the mesogenic units in the copolymers were 44.9% and 14.6%, respectively as shown in table 1.
Thermal analysis
During the last few decades, a lot of interest has concentrated on the mesogenic character of the cholesterol derivatives. It is well known now that when cholesterol is attached onto the main chain of a polymer through a spacer, this graft copolymer will show mesogenic character.
In this study, cholesterol was attached on to polymethylhydrosiloxane through the reaction between hydroxyl of 10-cholesteryloxydecanol and silicon-hydrogen bond. The DSC thermogram of SC45 as a representative of the copolymers are shown in figure 3 . DSC thermogram indicated the verdict liquid crystalline character of the copolymers, and similar transition temperatures of 124.9
• C for SC45 and 122
• C for SC15 were obtained. This result is consistent with that reported in the literature [20] .
Observation of the liquid crystalline character of the films
Thermotropic liquid crystalline polymers can be quenched from the liquid crystalline fluid to room temperature, where they form a liquid crystalline glass [21] . This property is critical for thermotropic liquid crystalline polymers to be used as biomaterials since all biomaterials will be used at the temperature of human body. The polarized optical microscopy of both the annealed (SC45C and SC15C) and unannealed (SC45 and SC15) films is shown in figure 4 . The result indicated that neither SC45 nor SC15 contained a liquid crystalline phase. But the corresponding annealed and quenched films, SC45C and SC15C, contained an obvious liquid crystalline phase, although the liquid crystalline phase content in SC15C is small. 
Cell behavior
Attachment characteristics of MC3T3 on unannealed films SC45, SC15 and annealed films SC45C, SC15C were studied and the results are shown in figure 5 . The values for attachment of cells were reported as a proportion of the number of cells that were attached to TCPS in the same culture media. The comparison of annealed and unannealed films showed that cell attachments of liquid crystalline-containing films are better than those of unannealed films. The attachment data of SC45 and SC15 unannealed films are 34.5% and 35.6%, respectively. After annealing, the attachment data of the corresponding films, SC45C and SC15C, are both 56.9% (TCPS as 100%). The growth characteristics of MC3T3 on various films over a period of 72 h are shown in figure 6 . It was found that cells grow faster on the liquid crystalline-containing films than on the umannealed films. The proliferation data of SC45 and SC15 unannealed films are 71.1% and 92.2%, respectively. After annealing, the attachment data of the corresponding films, SC45C and SC15C, increased to 226.3% and 224.3%, respectively. This indicated that cell proliferation could be promoted by the presence of liquid crystalline.
The cell activities of MC3T3 on various films over a period of 72 h are shown in figure 7 . The activity data of SC45, SC15, SC45C and SC15C are 96.8%, 88.7%, 137.7% and 111.9%, respectively (TCPS as 100%). It was found that the cell activity on the liquid crystalline-containing films was higher than that on corresponding unannealed films and even higher than that of TCPS.
The cell morphology is a hint of the cell capacity for proliferation and differentiation, and can be used to determine whether the biomaterial has a good cytocompatibility [22] since the cell shape affects cell growth, gene expression, extracellular matrix metabolism and differentiation [23, 24] . The MC3T3 cell morphologies obtained from the confocal laser scanning microscopy on various films over a period of 72 h are shown in figure 8 . It can be seen in figure 8 that the MC3T3 cells were spherical and round on the films which did not contain a liquid crystalline phase, SC15 and SC45, whilst on the films that contained a liquid crystalline phase, SC15C and SC45C, the cells were spread out better. Moreover, the cells on the SC15 and SC45 films showed much more tendency to accumulate with each other to form cell nodules and multilayers, indicating a rather poor cytocompatibility of the films. After culturing for 3 days, confluent cell layers were formed on the SC15C and SC45C films, whereas serious cell accumulation occurred on the untreated films, SC15 and SC45. It is clear that the formation of a liquid crystalline phase in the films has a positive effect on the MC3T3 cells morphology.
From the results of MC3T3 attachment, proliferation, MTT assays and cell morphology observation, we can conclude that the formation of a liquid crystalline phase in the films has a positive effect on the MC3T3 cells though the exact reason still deserves to be probed. However, previous results have revealed that the liquid crystalline structure did have a favorable influence on the cytocompatibility [25] . This phenomenon might be attributed to the specific properties of cholesterol in the liquid crystalline phase. It is well known that cholesterol is one of the most common membrane sterols in animals and plays important roles in regulating membrane fluidity and self-association of molecules in biological systems [26] . Also, cholesterol was found to have high thermodynamic affinity for the cell membranes and the ability to change the membrane's permeability and fluidity [27] .
Conclusion
Polymethylsiloxane-graft-(10-cholesteryloxydecanol) was successfully synthesized and purified as confirmed by the FT-IR spectroscopy, 1 H-NMR spectroscopy and GPC results. DSC and POM investigations revealed that the copolymer with 44.9% mesogenic unit showed an obvious thermotropic liquid crystalline transition at about 124.9
• C. It was found that after annealing in vacuo at 140
• C for 9 h and then quenching to room temperature, the films formed discrete island-like liquid crystalline (SC15) and continuous liquid crystalline (SC45), respectively. The results of MC3T3 attachment, proliferation, MTT assays and cell morphology observation clearly showed that the liquid crystalline-containing films could obviously enhance MC3T3 cytocompatibility and activity. The positive results of biomimetic liquid crystalline onto cytocompatibility allow broad potential in surface tailoring of biomaterials.
